To assess the correlation of the resected and ischaemic volume (RAIV), which is a preoperatively calculated volume of nephron loss, with the amount of postoperative renal function (PRF) decline after minimally invasive partial nephrectomy (PN) in a multi-institutional dataset.
Introduction
Partial nephrectomy (PN), as a standard treatment for localised renal tumours [1] , has been extensively applied for T1b tumours when feasible. Laparoscopic and robot-assisted surgeries have ushered in fundamental changes in the surgical environment and its related procedures. The changing surgical environment has modified the protocols for clamping of the renal vessels, renal hypothermia, mass resection, and renorrhaphy. When surgeons perform PN, they aim to reduce warm ischaemia time (WIT) and preserve the normal parenchymal tissue as much as possible, whilst insuring oncological safety. Various techniques have been under debate for preserving postoperative renal function (PRF).
Loss of a healthy nephron is clearly associated with decreases in PRF and is unavoidable during resection and renorrhaphy of the parenchyma around a renal tumour. Preventive measures to minimise nephron loss/devascularisation hold great promise [2] . A recent review suggested that minimising nephron loss during PN is a top priority for preserving ultimate renal function, particularly in patients with an increased likelihood of developing chronic kidney disease (CKD) after surgery [3, 4] . This insight highlights and promotes the active consideration of the role of enucleation and non-renorrhaphy techniques, and suggests a direction for improvement of current PN techniques.
Warm ischaemia time can be easily measured because it is 'time'. Although the urological community has known that the 'volume' of nephron loss (VNL) has a paramount effect on PRF, no researcher has yet reported on how to quantify and calculate VNL prior to PN. Preoperative estimated GFR (eGFR) is one of the most important preoperative factors for predicting PRF. Depending on a patient's preoperative renal function, the surgeon can roughly, but intuitively, predict his patient's PRF without any objective mathematical basis. In our routine clinical practice, the prediction of PRF seems to be somewhat obvious based on the patient's preoperative renal function. However, we thought that there was a lack of detail beyond considering preoperative renal function. For completeness, we have always included WIT, but VNL should not be excluded from the prediction process.
To the best of our knowledge, the accurate prediction of PRF currently is impossible. If we can calculate VNL and predict the associated amount of functional decline after PN, aspects of the related procedures could be adapted from the prediction and be adopted or rejected according to the various oncological and functional conditions of patients.
In the present study, we examined the correlation between the preoperatively calculated VNL and the amount of PRF decline. Additionally, we explain the values of the preoperative calculation of VNL and how our concept overcomes the main obstacles of previous volumetricfunctional studies.
Patients and Methods

Data Acquisition
After approval from our Institutional Review Board, we prospectively reviewed collected data on 348 patients who underwent PN by renal surgeons experienced in minimally invasive techniques at six academic institutions ( . We included patients who had been followed-up for ≥36 months after PN. Each group performed the procedures according to its own protocols and techniques. To standardise the various techniques of multiple surgeons, we put particular emphasis on three factors; (i) The width of the resection margin preferred by the surgeon, (ii) the preferred width of the sutures when performing renorrhaphy, and (iii) techniques when performing WIT. As we show in Figure 1 , (i) and (ii) significantly influence the resected and ischaemic volume (RAIV). We surveyed and collected the surgical margins of resection routinely used by each surgeon and the width of renorrhaphy suture that they felt was safe. When non-clamping and super-selective arterial clamping were used WIT was taken as zero. Raw data were retrospectively collected and gathered into a standardised datasheet. The following information was collected: age, gender, body mass index (BMI), PRF, American Society of Anesthesiologists (ASA) score, tumour stage and grade, complexity scored using the R.E.N.A.L (Radius; Exophytic/ Endophytic; Nearness; Anterior/Posterior; Location) nephrometry score [5] , operative time, WIT, estimated blood loss, and the RAIV [6] . Renal function was estimated by serum creatinine levels and the eGFR was calculated using the [7] . Serum creatinine levels were measured using standard laboratory methods 1 day before surgery; postoperative measurements were made at postoperative day 1, 6 and 36 months after PN.
Calculation of the RAIV
The concept of the RAIV is geometrically reconstructed in the mathematical quadrant. The formula was inspired by the geometric characteristic of a round renal mass. A substantial VNL could be mathematically calculated using integral calculus. The mathematical formula has been previously described [6] . If the surgeon inputs the radius of the renal mass (R), depth of tumour involvement (D), and width of the resection margin and renorrhaphy during PN (W) depending on the individual procedural plan, the RAIV can be quickly calculated. An automatic calculator of the RAIV is available online (http://web.hallym.ac.kr/~raiv).
Statistical Analysis
We performed univariable and multivariable linear regression analyses to identify the association between postoperative eGFR changes and factors, including age, gender, BMI, ASA score, WIT, and the RAIV. The demographic, tumour characteristics and perioperative data were statistically analysed. Continuous variables are reported as the mean AE standard deviation (SD). Categorical variables are given as the frequency and percentage. All tests are twosided, with a P ≤ 0.05 considered statistically significant. Statistical analyses were performed using the Statistical Package for the Social Sciences (SPSS â version 20 software package; IBM Corp., Somers, NY, USA) and the statistical software package R version 2.15 (R Development Core Team, Auckland, New Zealand; www.r-project.org) and its rms package.
Results
The study cohort comprised 348 eligible cases. Table 1 lists the study cohort demographics, tumour characteristics, and perioperative data. The mean (SD) age was 53.6 (13.5) years. Most patients were slightly overweight, with a mean (SD) BMI of 24.1 (4. (Table 1) . In univariable linear regression analysis, the amount of change in postoperative eGFR was associated with age, WIT, and the RAIV (Table 2) . In the multivariable model based on the same variables, those factors emerged as independent predictors of the amount of decrease in PRF (Table 2 ). Table 2 shows that the RAIV significantly affects the deterioration in PRF, generally in the short-and long-term follow-up (b 0.261, P < 0.001 at postoperative day 1; b 0.165, P = 0.045 at 6 months; and b 0.260, P = 0.029 at 36 months). Meanwhile, WIT was only associated with the nadir of renal function at postoperative day 1 (b 0.388, P < 0.001). Figure 1A illustrates a schematic view of the RAIV using three-dimensional (3D) graphics. Figure 2A describes the trend of postoperative eGFR in patients who underwent laparoscopic and robot-assisted PN. Figure 2B describes the influences of age and ASA score, the RAIV, and WIT during recovery of renal function, along with the amount of functional decrease based on preoperative eGFR. 
Discussion
Many volumetric-functional studies have reported a strong correlation between residual volume of the kidney (RVK) and renal function after PN [8] [9] [10] . From a methodological point of view, these might not be ideal methods to 'predict' PRF; rather, they 'observe' the correlation (Fig. 3) . In the research setting, follow-up protocols using serial CT, MRI, or even nuclear renal scans have been used to observe the changing trend in RVK. However, these efforts were the reflection of momentary points during a long postoperative kidney recovery process. Postoperative complications, medical mismanagement or physiological contralateral hypertrophy affect RVK. In a long and unexpected pattern of kidney recovery, various imaging studies display fluctuating patterns of RVK in which it shrinks or grows. In these studies, the related PRF also undulated, improved or deteriorated.
Moreover, there are no definite guidelines for the appropriate time to evaluate volume and function of postoperative kidneys. Data have been collected from different ranges of duration. Notably, representative studies described that their postoperative kidney volumes were measured at a range of 2.5-56 weeks [9] , between 4 and 12 months [8] and over a range of 0.2-3.8 years [10] ; the related functions were measured at ranges of 2-6 months [9] , between 4 and 12 months [8] and over a range of 0.2-4.3 years [10] . These durations incorporate acute and chronic phases of renal recovery. RVK and PRF in these studies may have continued to change over time. Targeting RVK, the changing parameter was an inherent limitation inhibiting advances in prediction accuracy, although they observed a statistical correlation between RVK and PRF.
In our previous study, we introduced the mathematical concept of the RAIV [6] . The RAIV implies a considerable VNL because of the resected volume required to secure a negative margin and the sutured and ischaemic volume for renorrhaphy. To calculate the RAIV, we need to take measurements of the depth of tumour involvement (D), radius of the renal mass (R), and width of the resection margin and renorrhaphy during PN (W) based on a preoperative CT (Fig. 1B) . A designated surgeon needs to finish his procedural steps according to preoperative consultation with patients. Well-trained surgeons have their own routines of how much of the tumour margin needs to be resected and how much of the area needs to be sutured to control bleeding. Technically, width (W) should be measured by the surgeon's surgical plan before PN. Our group introduced an automatic calculator (available online at: http:// web.hallym.ac.kr/~raiv), so that the RAIV can be easily calculated, and thus the expected VNL.
The RAIV has three major advantages. First, the RAIV targets VNL directly as an unchangeable parameter, rather than the continuously changing RVK. We were able to determine correlations between the RAIV and any moment of PRF decline. Our present results show that the RAIV and the amount of PRF decrease are closely related throughout the entire recovery period after PN (Fig. 2) . In contrast to targeting RVK (Fig. 3A) , calculating the RAIV could lead our research to the level of prediction regarding PRF (Fig. 3B) . After accumulating extended data, we can anticipate a certain quantity of PRF decline depending on the preoperatively calculated RAIV. Second, the shape of the RAIV is geometrically fitted for the space of the VNL around the renal mass (Fig. 1A) . We reviewed the geometrical concepts and calculation methods used in a previous volumetric-functional study [10] . According to the definition of the percentage functional volume preservation, because of the difficulty in calculation, a cylindrical shape was substituted for the kidney. For instance, when they calculated the volume of the preoperative normal parenchyma, the spherical volume of the renal mass was subtracted from two cylindrical volumes, which were substituted for two kidneys. The shape of the RAIV is complex, but it embodies an ideal form of VNL that we have imagined (Fig. 1A) .
Third, the calculation of the RAIV is quick. Previous volumetric-functional studies reported that the process of CT-based 3D-rendering was expensive and time-consuming [8, 11] . Researchers needed to purchase expensive software, and well-trained radiological technicians spent a long time (~20 min/case) measuring the volume. The low level of costtime effectiveness and technical accessibility may inhibit its universal application and validation of the methodology. We tried to calculate the RAIV using CT-based 3D graphics. Graphical designation of the shape and calculation of the volume were hard to achieve and took a long time even in the 3D setting. Without 3D graphics, we only need a couple of minutes to measure the RAIV by entering three values (radius of the renal mass [R], depth of tumour involvement [D] , and width of the resection margin and renorrhaphy during PN [W]) in to the automatic calculator.
The present study relies on an overview of major factors to predict renal deterioration after PN; the preoperative general condition of patients, intraoperative WIT, and the RAIV. Our present results show that the ASA score was closely related to renal function after PN (Fig. 2B) . Clearly, this factor has a negative impact on ultimate renal function. For patients at risk of renal deterioration who have medical comorbidities, surgeons should consider enucleation and omitting renorrhaphy for preserving PRF. Enucleation is a well described strategy to minimise the amount of normal parenchyma excised with the tumour. Multiple recent studies show a benefit in renal function and volume preservation when omitting cortical renorrhaphy [12] [13] [14] .
In the present study, age and WIT had a significant negative impact on the acute phase of PRF, but this effect reduced with time (Fig. 2B) . Parekh et al. [15] reported that variations of ischaemic durations from 15 to 61 min had no functional and structural effect on the injury produced after PN. Ginzburg et al. [16] affirmed that renal function at ~6 months after PN does not appear to correlate with intraoperative WIT and is primarily associated with parenchymal volume preservation. Although the duration of ischaemia has historically been used as a surrogate for renal functional outcomes after PN, recent studies have found that sparing renal parenchyma after PN assumes a more important role in predicting future renal function [17] .
When we need to inform a patient about the possibility of postoperative renal deterioration, providing a rationale based on specific criteria is recommended rather than merely relying on our intuition. We recognised that nephrometry scores, similar to preoperative eGFR, are innate anatomical characteristics. No patient or surgeon can make a negotiable choice and thus have to reluctantly accept. We should emphasis the important difference between the nephrometry score, as a non-adjustable factor, and the RAIV as an adjustable factor. Even if we can predict a severe deterioration of PRF with a preoperatively calculated nephrometry score, we cannot change the nephrometry scores. However, if a preoperatively calculated RAIV predicts a severe decrease in function, we can modify our surgical plan by reducing the width of the resection margin and renorrhaphy during PN, i.e. 'W' (narrowing the surgical margin and renorrhaphy suture) and seek the best strategies to overcome the predicted CKD. Furthermore, we can even assess whether minimising the RAIV is worthwhile for the treatment aim. We believe that the RAIV could be a useful approach to evaluate various surgical techniques.
The RAIV would probably improve our rapport with patients, as if the RAIV was pre-calculated and the risk of CKD Stage 3 was predicted in advance, a more detailed surgical plan could be presented to the patient. If the patient preferred the preservation of renal function and accepted weakening oncological safety, enucleation might be applied. However, if the patient preferred to ensure oncological safety, the surgeon could perform a resection with wide surgical margins with the patient's approval. In this regard, we expect that the precalculation and sharing of the RAIV with patients will democratise surgical information and improve our consensus to overcome various confronting problematic conditions. The present study has the limitation of its retrospective nature. However, the present study is based on multicentre data analyses from six independent institutions. In the participating hospitals, robot-assisted and laparoscopic surgeries were relatively less frequently adopted and some hospitals could not include a sufficient number of patients. The present study confirms that the RAIV can be applied to different populations. Because of the relatively small population, we could only confirm the possibility of the RAIV contributing to the prediction of PRF. We believe that the RAIV would be an excellent prediction tool that may help in preventing CKD after PN. After accumulating a larger dataset, we can suggest a specific amount of functional decline according to a certain specific value for the RAIV. For establishing the selection criteria for enucleation and developing various techniques to avoid cortical renorrhaphy, the RAIV provides appropriate evidence to explain the technical advantages of emerging techniques.
Conclusions
Precise excision and reconstruction, and minimising parenchymal devascularisation are important in preventing renal functional decline after PN [18] . In the present study, the preoperatively calculated RAIV strongly correlated with the amount of PRF decline during the entire recovery time after PN. We elaborated on the values of the RAIV, which may help in overcoming the limitations of previous volumetric-functional studies, i.e. the low level of accuracy, cost-time effectiveness, and technical accessibility. The RAIV could play an important role in leading our research to the level of prediction of the amount of PRF decline after PN. We believe that future development of PN techniques will not be able to make steady progress without the ability to predict PRF.
